Pre-clinical studies suggest carboxyamidotriazole orotate (CTO) demonstrates anti-tumor activity through modulation of multiple tyrosine kinase signaling pathways and interactions with the tumor microenvironment. We determined the safety and tolerability, pharmacokinetic profile, maximum tolerated dose, and recommended Phase II dose of CTO monotherapy in patients with advanced solid tumors. In this first-in-human Phase I clinical trial, eligible patients with advanced solid tumors were enrolled to receive a once-daily dose of CTO following a standard 3 + 3 Phase I design (starting at 50 mg/m 2 /day) with dose escalations of 30% -100%. Dose limiting toxicity (DLT) was defined in the first cycle of treatment. Measurable disease and response were defined by RECIST version 1.1. Forty-four patients were evaluable for safety. CTO-related grade 3 toxicities included diarrhea (2.5%), fatigue (5.0%), lymphopenia (2.5%) and transient creatine phosphokinase (CPK) elevation (2.5%). There were no grade 4 or 5 toxicities. Steady state plasma levels of CAI (CTO metabolite) were achieved by day 12 with a half life estimate of 55 hr. Although no objective response rates were observed, nine patients with rapidly progressive and treatment-refractory tumors achieved stable disease (SD) durable for up to 14 months. The maximum tolerated dose for CTO alone was 427 mg/m 2 /day. The dose-limiting toxicity was grade 3 fatigue. CTO is orally bioavailable, safe, well tolerated and produces disease stabilization in a broad range of heavily treated refractory tumors. Combination trials of CTO with other antineoplastic agents are ongoing.
Introduction
Carboxyamidotriazole orotate (CTO) is the orotate salt of 5-amino-1-(4-(4-chlorobenzoyl)-3,5-dichlorobenzyl)-1,2,3-triazole-4-carboxamide (CAI, L651582, NSC 609974), which inhibits non-voltage dependent calcium signaling, resulting in simultaneous modulation of receptor-mediated, calcium-dependent signal transduction pathways, including EGFR, MEK, RAS, HDAC, HSP90, WNT-β catenin and VEGF [1] - [3] . CAI exhibits antiangiogenic, anti-proliferative, and anti-invasive properties with promising efficacy in pre-clinical studies. CAI has been shown to inhibit microvessel growth and diminish expression of endothelial VEGF in an in vitro model system [4] . This result led to investigation of CAI as an inhibitor of angiogenesis and tumor growth.
Previous clinical trials have established that CAI absorption after oral dosing is limited and unpredictable [5] [6] . Its hydrophobic properties result in poor solubility and absorption, which in turn result in limited bioavailability and efficacy in vivo. Several trials have been conducted using bioavailability-enhancing strategies, but these approaches have not been successful [7] - [9] .
CTO, the orotate salt of CAI synthesized by a novel process which uses different ingredients to synthesize intermediates, has increased bioavailability, faster clearance, and minimal toxicity compared to CAI [10] [11] . These characteristics suggest that lower drug doses may achieve desired plasma concentrations [12] . In in vivo animal studies, the time to peak plasma concentration (C max ) is much shorter for CTO (12.0 ± 2.5, ng-hr/ml) compared to CAI (14.5 ± 1.5 ng-hr/ml), and AUC for CTO (158,354 ± 10,233 ng-hr/ml) is significantly higher than for CAI (84,234 ± 9756 ng-hr/ml). CTO has demonstrated activity in the tumor microenvironment, inhibiting exosome-induced activation of multiple tyrosine kinase signaling pathways including Akt, ERK, and Bcr-Abl in a chronic myeloid leukemia xenograft model [2] . CAI has been shown to inhibit tumor cell proliferation and angiogenesis in vitro and in vivo [13] - [18] .
The antitumor activity of CTO alone or in combination with temozolomide, 5 fluorouracil, or paclitaxel has been demonstrated in xenograft models. Preclinical studies with xenograft mouse models of human glioblastoma [19] , colon cancer [19] , melanoma [20] , and ovarian cancer [21] were conducted with CTO. Statistically significant decreases in tumor growth were observed in all xenograft models. Plasma CAI levels of 10,530 ± 2703 ng/mL (SD) were recorded after CTO was orally administered, and CTO was demonstrated to cross the blood brain barrier in the glioblastoma xenograft model [19] [20] .
We conducted a Phase I trial to evaluate the safety, tolerability, and efficacy of CTO in patients with advanced, treatment-refractory solid tumors. Secondary endpoints of the trial included pharmacokinetic studies, overall response rate, and determination of the maximum tolerated dose (MTD) of CTO in patients in a broad range of refractory solid tumors.
Materials and Methods

Patient Population
Key Eligibility Criteria
Patients were required to have advanced or metastatic treatment-refractory and histologically or cytologically confirmed solid tumors. Measurable disease and response rate were defined by RECIST. Patients had either received prior anticancer therapy, or were not eligible for any established conventional therapy. Patients were required to have adequate bone marrow, renal, and hepatic function. Female patients of childbearing potential were required to have a negative serum or urine pregnancy test at the time of pre-treatment screening. Recovery from all adverse effects (excluding alopecia) of prior therapies to ≤ grade 1 prior to study entry was required. Patients were ≥ 18 years old with a life expectancy of at least 12 weeks, and an Eastern Cooperative Oncology Group (ECOG) performance status of 0 -2. Prior therapy must have been completed 4 weeks prior to study entry.
The protocol was approved by the appropriate Institutional Review Board/Independent Ethics Committee (IRB/IEC) of participating sites. The investigator obtained written informed consent from each patient, or their authorized representative, who participated in the study.
Drug Supply and Administration
CTO was provided in 25 and 100 mg capsules (Johnson Matthey Inc, Xcellience LLC, Pharmatek Labs, Inc.). Patients received CTO orally after a two-hour fast and remained fasting for one more hour.
An initial cohort of three patients with advanced or metastatic solid tumors received CTO at a starting dose of 50 mg/m 2 /day orally. Patients in subsequent cohorts received dose escalations of 30% to 100% depending on the pharmacokinetics of the previous cohort. The criteria for dose escalation specified a 50% increase in dose when a peak plasma concentration of >1500 and ≤3300 ng/mL was achieved in any of the patients treated, and when no CTO-related dose-limiting toxicity (DLT) was observed. CTO was administered on Cycle 1, Day 1 and Days 8-35 (28 doses) to ensure complete clearance of CAI after the first dose. Subsequent cycles comprised 28 days. The patients could receive up to 12 cycles unless unacceptable toxicity, disease progression, or inter current illness required discontinuation. Patients could continue treatment beyond 12 cycles if clinical benefit continued, as long as toxicity remained acceptable. All patients received their designated dose throughout therapy; there was no intra-patient dose escalation.
Safety data included vital signs, laboratory parameters, and adverse events. The severity of adverse events and laboratory abnormalities was reported according to National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. Hematological and blood chemical parameters were assessed at regular intervals. ECG was performed at Screening and Cycle 2, Day 1 to evaluate for QTc prolongation.
Dose-limiting toxicity (DLT) was defined as any of the following adverse events occurring in the first cycle of treatment and considered to be possibly related to study treatment: nausea/vomiting ≥ Grade 3 despite maximal antiemetic therapy, diarrhea ≥ Grade 3 despite maximal antidiarrheal therapy, or any other Grade 3 or 4 nonhematologic toxicity. Hematologic DLTs were defined as Grade 4 neutropenia lasting more than 5 days, Grade 3 neutropenia associated with fever or sepsis, and Grade 4 thrombocytopenia. Doses were escalated in cohorts of three patients per dose level if no DLTs were observed in the first cycle. If a DLT was observed in one of three patients in a cohort, three more patients were enrolled at the same dose level. The maximum tolerated dose (MTD) was defined as one dose level below the dose at which a DLT was observed in at least two patients. If two of six patients in the cohort had DLTs in Cycle 1, that dose exceeded the MTD, and dose escalation ceased.
Pharmacokinetics
To determine blood levels of CAI derived from CTO, blood samples were drawn throughout participation in the trial. During Cycle 1, blood samples were drawn pre-dose, 0.5, 1, 2, 4, 8, 24, 32, and 48 hours post first dose and every 24 hours thereafter through Cycle 1 Day 7. Blood samples were drawn pre-dose during Cycle 1 on Days 8, 15, 22, and 29. On Day 36 (i.e., Cycle 2 Day 1), blood samples were drawn pre-dose and after dosing for a period of 8 hours (0.5, 1, 2, 4, and 8 hours). Cycle 1 was 36 days to ensure complete clearance of CAI. In subsequent cycles, blood samples were collected prior to CTO administration on Days 15 and 29 (i.e., Day 1 of the next cycle).
Urine was collected on Cycle 1 Day 1 and Cycle 2 Day 1 in two 12-hour collections, 12 and 12 -24 hours. All samples were assayed by a validated LC-tandem mass spectrometric method.
Tumor Response Assessment
Tumor measurements by CT scan were done serially after every two cycles of treatment. Assessment was performed by the treating physician and response determined according to RECIST. The calculated response recorded from the start of the treatment until disease progression/recurrence was categorized as complete response (CR, −100%), partial response (PR, −100% to −30%), stable disease (SD, −30% to +20%) and progressive disease (PD, an increase of 20% or more or new lesions).
Tumor Genotype
For this exploratory part of the study, archived tissue samples were utilized for mutation screening by NextGeneration Sequencing (NGS). These samples were used to determine tumor genotype. Genomic typing was carried out by Knight Diagnostic Laboratories, Oregon Health & Science University.
Results
Patient Characteristics
Forty-four patients with various advanced solid tumors received CTO doses ranging from 50 mg/m 2 /day to 555 mg/m 2 /day ( Table 1 ). All patients were deemed evaluable for safety assessment. There were no treatment-related deaths.
Toxicity and MTD
Thirty-three (82.5%) patients had AEs that were considered related to treatment, including a total of five (12.5%) developing a grade 3, and none developing grades 4 or 5 AEs. The most common AEs were fatigue, nausea, vomiting, dizziness, and anorexia ( Table 2) . Treatment-related grade 3 AEs included diarrhea, fatigue, lymphopenia, and transient blood creatine phosphokinase elevation (CPK). One patient receiving 219 mg/m 2 /day discontinued treatment due to the treatment-related DLT of fatigue.
One patient receiving 555 mg/m 2 /day had Grade 3 fatigue. One patient receiving 555 mg/m 2 /day developed a transient grade 3 CPK elevation, which subsequently resolved. As two of the six patients at the 555 mg/m 2 /day dose level experienced a DLT, the previous lower dose level, 427 mg/m 2 /day was determined to be the MTD. There were no grades 4 or 5 treatment-related AEs, with no treatment-related deaths. Pharmacokinetic parameters (maximum concentration C max , time to reach maximum concentration T max , area under the curve AUC, and half-life t 1/2 ,) for a single dose of CTO in all eight cohorts with doses ranging from 50 to 555 mg/m 2 are shown in Table 3 . In general, CAI exposure exhibited a stepwise increase with increasing dose of CTO. Median time-to-peak concentration (T max ) ranged between 8 -36 h post-dose (Figure 1) . Using concentration data out to 168 h, average t 1/2 of CAI across all CTO doses was 55 ± 28 h. After single-dose administration, significant fall-off was observed in the C max of CAI with increasing dose. There was a non-statistically significant fall-off in partial AUC with increasing dose (Figure 2) .
The AUC and average C max values for Cohorts 1-4 are from 0 -48 hours, and for Cohorts 5-8, 168 hours. The average C max and AUC values for Cohorts 1-3 show a dose dependent increase followed by a small but not statistically significant decrease in average C max and a plateau in the AUC for Cohort 4 (146 mg/m 2 /day). A dose dependent increase in both AUC and average C max was observed between Cohorts 5 (219 mg/m 2 /day) and 6 (285 mg/m 2 /day); however, the differences are not statistically significant. A plateau was observed in the average C max beginning with Cohort 6 (285 mg/m 2 /day) and continuing through Cohort 8 (555 mg/m 2 /day) while the AUC values continued to show a dose-dependent increase. The average T max values did not show any statistically significant dose dependent correlation for Cohorts 1-4 (0 -48 hours) and varied from 16 hours in Cohort 3 (112.5 mg/m 2 /day) to 36 hours in Cohort 1 (50 mg/m 2 /day). For Cohorts 5-8 (0 -168 hours), the differences were not statistically different within this group or between Cohorts 1-4 and 5-8.
Multiple-Dose Pharmacokinetics
Consistent with half-life estimates for CAI, which predict achievement of steady state in approximately 12 days, the majority of patients reach steady state levels of CAI 12 days after the start of daily dosing with CTO. Maximum observed mean plasma concentrations after 36 days of daily administration ranged from 431 ng/mL at 50 mg/m 2 to 3070 ng/mL at 555 mg/m 2 . Like the single-dose PK data, in general, CAI exposure exhibited a stepwise increase with increasing dose of CTO following multiple doses ( Table 4) .
As observed after single-dose administration, after multiple doses, fall-off was observed in the C max and partial AUC of CAI with increasing dose (Figure 3) .
Clinical Activity
No objective tumor responses were observed at the evaluated dose levels. Nine patients with rapidly progressive and treatment-refractory tumors achieved stable disease that was durable between 3 and 14 months. While none The CAI plasma concentrations following single-dose administration of CTO is shown on a log-linear scale. While only partial CAI concentration profiles were obtained with CTO doses <219 mg/m 2 , complete profiles were obtained with CTO doses ≥219 mg/m 2 because the PK sampling was taken out to 168 hours. CAI was absorbed slowly at each dose level, with the median time-to-peak concentration (T max ) ranging between 8 and 36 hours post-dose. Thereafter, plasma concentrations of CAI declined log-linearly over time. Using concentration data taken out to 168 hours, the average half-life ( 1 2 t ) of CAI across all CTO doses was 55 ± 28 hours. of the patients achieved a partial response per RECIST criteria, some patients experienced a reduction in tumor mass on CT scan of up to −30% (SD). Four of these patients for whom archived tissues were available for mutation screening had four different genomic mutations consistent with multiple signaling pathways. The genotypes of available archived tissues screened by NGS included mutations in phosphatidyl inositol-3 kinase (PIK3CA, squamous non small cell lung cancer [NSCLC]), proto-oncogene B-Raf (BRAFV600E, colorectal cancer), epidermal growth factor receptor (EGFR mutation, NSCLC adenocarcinoma), and both PIK3CA and neuroblastoma RAS viral oncogene homolog ([NRAS], tonsillar squamous cell carcinoma). At cycle 4 of treatment (285 mg/m 2 /day), the patient with the BRAFV600E mutation demonstrated a 15% decrease in the longest diameter of the tumor. This patient had received four prior therapies, and the maximum concentration of plasma CAI at 285 mg/m 2 /day was 679 ng/mL. The tumor histologies and genotypes for which CTO-mediated SD were observed are subtypes for which slowing of tumor progression is unusual in the absence of therapeutic intervention.
For patients exhibiting SD, Figure 4 lists prior therapies administered and depicts their duration of disease A representation of the multiple dose exposure relationships for CTO, in which a quadratic equation is used to visualize the non-linear PK relationship. stability on CTO. One patient with renal cell carcinoma achieved stable disease. Time to progression was 12 months at 75 mg/m 2 /day CTO, and the maximum plasma CAI was 365 ng/ml. A patient with small cell lung cancer achieved stable disease with time to progression of 4 months at 146 mg/m 2 /day CTO, and the maximum plasma CAI was 2015 ng/ml. Two patients with NSCLC treated with 219 mg/m 2 /day of CTO had stable disease with time to progression of 11 and 14 months. A patient with tonsillar squamous cell carcinoma achieved stable disease with time to progression of 8 months at 284 mg/m 2 /day CTO, and the maximum plasma CAI was 2196 ng/mL. Lastly, a patient with ovarian cancer achieved stable disease with time to progression of 5 months at 427 mg/m 2 /day CTO, and the maximum plasma CAI was 4249 ng/mL.
Discussion
In this dose-escalation, first-in-human Phase I study in advanced solid tumors, CTO was well tolerated with doses ranging to 555 mg/m 2 /day. Treatment-related and dose-limiting AEs included diarrhea, fatigue, lymphopenia, and transient CPK elevation at a dose of 555 mg/m 2 /day. The MTD of CTO was 427 mg/m 2 /day (329 mg/m 2 /day CAI); the recommended Phase II dose is 427 mg/m 2 /day for single agent CTO, and the starting dose is 219 mg/m 2 /day (169 mg/m 2 /day CAI) in a dose-escalation trial when given in combination with chemotherapy. In this regard, of significant importance is the fact that MTDs reported for previous trials of CAI occurr at 300, 150 and 75 mg/m 2 /day for different formulations including micronized and PEG-500 gel cap formulations [5] [6] [8] . In fact, Berlin et al. questioned the MTD of 300 mg/m 2 /day CAI set by the NCI, and concluded that doses higher than 150 mg/m 2 /day micronized CAI could result in neurotoxicities, including reversible vision loss [8] . In the present study, CTO is administered orally and the MTD of 427 mg/m 2 /day (329 mg/m 2 /day CAI) is determined based on Grade 3 fatigue, a feature of CAI administration reported previously [6] .
In our study, we were able to use much higher doses of CTO and achieve plasma concentrations of CAI that were previously reported to be associated with dose limiting neurotoxicity and gastrointestinal toxicity in clinical studies of CAI [5] . CTO exhibited linear pharmacokinetics over the dose range studied with some exceptions, which could be due to inter-patient variability and disease state. Steady-state plasma levels of CAI were reached by 12 days after the start of daily dosing of CTO and remained consistent as previously described for CAI pharmacokinetics [6] . We also measured steady-state levels of CAI after 36 days, and the C max ranged from 636 ng/ml at 50 mg/m 2 /day to 4870 ng/ml at 555 mg/m 2 /day. These levels are well within the range of CAI concentrations from 800 ng/ml to 8000 ng/ml previously shown to be active in vitro and in vivo [6] .
Although there was a dose-related increase in the steady state levels of CAI, we found that the steady state level at 555 mg/m 2 /day (Cohort 8) was closer to that observed in Cohort 5 (219 mg/m 2 /day) than Cohort 7 (427 mg/m 2 /day). In Cohorts 1-3 and 5-6, we observed dose-dependent increases in C max and AUC and, in Cohort 4, a small decrease in C max and a plateau in AUC. In Cohorts 6-8, we observed a plateau in C max , whereas AUC showed a dose-dependent increase. The unexpected low steady state level for Cohort 8 is ascribed to inter-patient variability. The large standard deviations in C max and AUC leading to non-statistically significant differences are likely due to the various disease states of the patients, contributing to inter-patient variability. The plateauing in the values of these two parameters suggests the potential for saturation of exposure, or limitations on absorption, also due to inter-patient variability.
With respect to inter-patient variability, CTO can be considered as a drug with a moderate-to-high degree of PK variability. Multiple dose linearity performed using steady state PK parameters produced results similar to single-dose linearity. There was a fall-off in AUC with increasing dose; additionally, CTO doses in excess of approximately 200 -300 mg/m 2 resulted in an observable fall-off in CAI bioavailability. Multiple dosing of CTO achieved substantially higher CAI concentrations than did a single dose, indicating significant drug accumulation over time. This accumulation over time is consistent with a drug that is administered more frequently (every 24 h) than its t 1/2 (55 h).
The absence of dose-limiting neurotoxicity and gastrointestinal toxicity even at 555 mg/m 2 /day (427 mg/m 2 /day CAI) is noteworthy, as this dose is double the dose at which CAI was associated with neurotoxicity based on previous clinical studies. The association of neurotoxicities with median concentration of CAI previously observed was 2070 ng/mL (400 -3710) for Grade I episodes and 2710 ng/mL (1160 -4840) for Grade II/III episodes [7] . In the present study, CAI levels as high as 6524 ng/mL were achieved without any evidence of neurotoxicity. We believe that this higher threshold is due to a safer toxicity profile of CTO compared with CAI, and is achieved because of changes made in the method of CAI synthesis. These changes ensured that ingredients used in the synthesis of different intermediates had a safe toxicity profile [10] [11] . Specifically, the original method to synthesize CAI used sodium azide as an ingredient to synthesize intermediates [10] . The new method substituted sodium azide, a highly toxic agent, with diphenylphosphorylazide [11] , and the CAI produced was reacted with orotic acid to produce CTO, demonstrating a safe toxicity profile both in animals and in patients. Because some of the dose-limiting neurotoxicity and gastrointestinal toxicity observed in clinical studies of CAI manufactured by the old method can be caused by sodium azide, the inference to draw is that the serious toxicities observed with CAI are related to sodium azide impurities.
In this Phase I study, nine patients with aggressive treatment-refractory cancers achieved stable disease on CTO. The plasma concentrations of CAI in these patients ranged from 365 ng/mL to 4249 ng/mL (0.8 µM to 6.7 µM), suggesting a wide range of effective CAI plasma levels. In contrast, previous studies reported target CAI plasma levels to be 2000 and 5000 ng/ml CAI (4.7 and 11.8 µM) [7] .
Single-agent CTO (at doses of 75 -555 mg/m 2 /day) showed SD lasting 3-14 months by RECIST. In six heavily treated tumor-burdened patients with rapidly progressive disease, the time to tumor progression was 6+ months on CTO (Figure 4) . CTO was well tolerated, and a clinical benefit was observed across tumors within a wide range of oncogenic mutations that were unlikely to demonstrate slowing of tumor progression in the absence of therapeutic intervention. The clinical evaluation of CTO is continuing in combination with other cytotoxic agents and radiation therapy in patients with malignant glioma and glioblastoma.
Conclusion
CTO is well tolerated and demonstrates modest clinical activity (SD up to 14 months) in several patients with heavily pre-treated refractory malignancies. Given the mechanism of action of CTO observed in both tumor cells and the tumor microenvironment (inhibiting calcium-mediated signaling transduction pathways), CTO may syn-ergize with other currently available cytotoxic, targeted or immunotherapeutic agents. Clinical trials evaluating combinations of CTO with other antineoplastic agents are currently underway.
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